Chemokines are small chemoattractant cytokines that control a wide variety of biological and pathological processes, ranging from immunosurveillance to inflammation, and from viral infection to cancer. Genetic and pharmacological studies have shown that chemokines are responsible for the excessive recruitment of leucocytes to inflammatory sites and damaged tissue. In the present paper, we discuss the rationale behind interfering with the chemokine system and introduce various points for therapeutic intervention using either protein-based or small-molecule inhibitors. Unlike other cytokines, chemokines signal via seventransmembrane GPCRs (G-protein-coupled receptors), which are favoured targets by the pharmaceutical industry, and, as such, they are the first cytokines for which small-molecule-receptor antagonists have been developed. In addition to the high-affinity receptor interaction, chemokines have an in vivo requirement to bind to GAGs (glycosaminoglycans) in order to mediate directional cell migration. Prevention of the GAG interaction has been shown to be a viable therapeutic strategy. Targeting chemokine intracellular signalling pathways offers an alternative small-molecule approach. One of the key signalling targets downstream of a variety of chemokine receptors identified to date is PI3Kγ (phosphoinositide 3-kinase γ ), a member of the class I PI3K family. Thus the chemokine system offers many potential entry points for innovative anti-inflammatory therapies for autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis and allergic contact dermatitis.
in that sepsis and infections can arise if the immune response is turned off completely.
Chemokines play a dual role in the function of the immune system. For example, during development, SDF-1/CXCL12 and its receptor CXCR4 play a major role in directing the normal physiological migration of haematopoietic stem cells [1] [2] [3] . On the other hand, certain chemokines control the aberrant recruitment of cells in inflammatory and autoimmune diseases. For example, CXCR3 and CCR5 expression is strongly associated with brain lesions in MS patients [4] [5] [6] , CCR3 and several CC chemokines, including Eotaxin/CCL11 and RANTES/CCL5, are associated with allergic asthma [7] , and TARC/CCL17 and its receptor CCR4 are implicated in inflammatory skin diseases, such as atopic dermatitis [7, 8] . Some of the diseases that are associated with up-regulation of chemokine ligands and receptors are depicted in Figure 1 .
A remarkable feature of the chemokine system is the observation that receptors that are responsible for controlling homoeostatic cell migration have only one described ligand, whereas receptors that have been shown to be associated with pathological phenotypes appear to be activated by multiple ligands (highlighted in Figure 1 ). However, the division of chemokines into 'homoeostatic' and 'inflammatory' subfamilies is not categorical: for example, CCR10 is considered to be constitutively expressed, but it is involved in certain skin inflammatory syndromes [9] , whereas its ligand CTACK/CCL27 is up-regulated by pro-inflammatory Chemokines are divided into subclasses on the basis of the spacing of the N-terminal cysteine residues. The receptors for the α (or CXC) subclass are shown in red, the receptors for the β (or CC) subclass are in blue and the receptors for the minor subclasses (C and CX3C) are in green. The pairing of chemokines to their receptors has been carried out principally by receptor-binding assays, and has identified receptors that are specific, in that they bind a single ligand, or shared, in that they bind more than one ligand. The chemokines are shown with their original names derived from their function or from the cell type that produced them, as well as the new systematic nomenclature [103] . The association of certain receptors and ligands with disease has come from many studies of their expression in biopsy samples, animal models and genetically engineered mice. The associations shown here are by no means exhaustive, but are intended as an illustration of many results of target validation. R.A., rheumatoid arthritis.
cytokines [10] . CCR2 and its ligand MCP1/CCL2, which have classically been assigned to the inflammatory group of chemokines, may also be involved in the regulation of the immune system through an effect on T-cell polarization [11] .
We believe that the most promising approach in order to interfere with cellular recruitment is through direct inhibition of the actions of inflammatory chemokines. This may at first appear to be a rather cavalier statement as, to date, over 40 ligands and 18 functional receptors have been identified in this complex family. With such an apparently promiscuous network, the question of specificity arises immediately. The aim of the present review is to attempt to dispel these notions, and to elaborate on the value of the numerous approaches that can be employed to inhibit the chemokine system. Clearly such an apparently complicated system must be finely regulated in vivo both temporally and spatially to achieve such a fine-tuned specificity. The results described below obtained from knockout mice and the use of specific antibodies and receptor antagonists validate the approach of specific targeting of certain chemokine-receptor interactions as a therapeutic strategy. There are several mechanisms that are believed to contribute towards the choreography of chemokine expression in order to maintain function in vivo in addition to the differential signalling pathways that may be activated, as will be discussed below. Spatial and temporal control of chemokine expression is dependent on proinflammatory chemokines. For example, IL (interleukin)-1β, tumour necrosis factor (TNF)-α and interferon (IFN)-γ alone or in combination induce chemokine expression at sites of inflammation in non-lymphoid tissue [12] . In parallel, the expression of chemokine receptors on specific leucocyte populations is also under the tight control of the local cytokine milieu: for example, CCR4 and CCR3 are upregulated on Th2 T-cells, whereas CXCR3 and CCR5 are up-regulated on Th1 T-cells [13, 14] .
When are chemokines most vulnerable?
In order for circulating leucocytes to reach sites of inflammation, they must cross protective barriers such as the endothelium and the epithelium, or the blood-brain barrier that protects the normally immune-privileged central nervous system. Leucocyte transmigration usually occurs in the post-capillary vascular system, and is a multi-step process involving a sequential cascade of pro-inflammatory cytokines, adhesion molecules and chemokines [15] , as illustrated in Figure 2 (A). Leucocytes that circulate in the bloodstream are constantly sampling the endothelial cell micro-environment for signals of abnormal behaviour by slowing down and marginating, a process mediated by nonspecific rolling on endothelial cell-surface selectins. Upon activation of the endothelium by pro-inflammatory cytokines, such as TNF-α, IFN-γ and IL-1β, chemokines are secreted and presented on the endothelial cell surface by GAGs (glycosaminoglycans). Subsequent ligand engagement with cognate leucocyte receptors mediates an increase in integrin avidity, resulting in firm adhesion of the leucocyte to the adhesion molecules expressed on the endothelial cell surface: a signal to stop [16, 17] . Once firm adhesion to the endothelial surface has been established, the leucocyte transmigrates across the endothelial cell barrier either intercellularly, which is believed to be the preferential route, or intracellularly via a mechanism that is currently poorly understood. Both routes of transendothelial migration appear to involve several adhesion molecules and MMPs (matrix metalloproteases). In addition to binding to GAGs on the endothelial cell surface, chemokines are able to bind to GAGs that are present in the extracellular matrix. The resultant chemokine gradient provides a directional signal that the cells may use to navigate towards the site of inflammation, where they exert their effects ( Figure 2A ). It is probable that in vivo gradients of several different chemokines are present in the tissue, separated temporally and spatially [18, 19] . The in vivo requirement for chemokine binding to GAGs in order to mediate cell recruitment has recently been demonstrated [20] . Figure 2 (B) illustrates the difference in the requirement for GAG binding in chemokine-mediated cell migration. In the absence of flow, in a standard in vitro chemotaxis assay, GAG binding is not essential for cell activation. However, in the vasculature and under the influence of shear flow, GAG binding is required to tether the chemokine and form a fixed signal to stop.
Where can chemokines be blocked? Are there too many options and too much redundancy?
Chemotaxis is a multi-step process, requiring chemokine presentation, receptor occupation and activation, as well as intracellular signal transduction. Differential GAG binding is believed to play an important role in the spatial distribution of chemokines. The GAG-binding site of several chemokines has been determined. Although the chemokines have a very high structural similarity, particularly striking in the monomeric fold, there are differences in the specific GAGbinding sites between chemokines that are not conserved amongst the classes [21] [22] [23] [24] [25] [26] [27] . In addition, specific patterns of sulphation on HS (heparan sulphate) have been shown to be required for the binding of certain chemokines, and of those studied to date, each chemokine has a unique recognition pattern on HS [28, 29] . Taken together with recent data from our laboratory that highlights the requirement of the interaction of chemokines with GAGs to elicit cellular recruitment in vivo [20] , it appears that differential GAGbinding patterns may exert a sophisticated level of control of chemokine presentation and/or activation both spatially and temporally. Thus interfering with this crucial interaction may be one intervention point for inhibition of the system.
Inhibiting intracellular chemokine-activated signalling is another possible strategy for interfering with the system. With a better understanding of signalling pathways downstream of GPCRs (G-protein-coupled receptors) in general, more insights into CCR-and CXCR-specific signalling have Figure 3 Chemokine-activated intracellular signalling pathways AC, adenocyclase generating cAMP; Bad, Bcl-2/Bcl-X L -antagonist, causing cell death; Cdc42, small GTPase of the Rho family; DAG, diacylglycerol; Dia, Diaphanous formin protein family; eIF2B, eukaryotic initiation factor 2B; ERK, extracellular-signalregulated kinase; FA, focal adhesion; GSK3, glycogen synthase kinase 3; IP 3 , Ins(1,4,5)P 3 ; JAK, Janus kinase; LIMK, LIMmotif-containing kinase; MEK, mitogen-activated protein kinase/ERK kinase; MLCK, myosin light-chain kinase; MLCP, myosin light-chain phosphatase; MT, microtubulae organization, actin/myosin dynamics; mTOR, mammalian target of rapamycin; p70 S6K, p70 S6 kinase; PAK, p21-activated kinase; PDK, phosphoinositide-dependent kinase; PIP 2 , PtdIns(4,5)P 2 ; PI4P5K, phosphoinositide 4-phosphate 5-kinase; PKA, protein kinase A (cAMP-dependent protein kinase); PKC, protein kinase C; PLC, phospholipase C; PTK, protein tyrosine kinase; ROCK, Rho-associated coiled-coil-containing kinase; SF, S-filament; STAT, signal transduction and activator of transcription; WASp, Wiskott-Aldrich syndrome protein; WAVE, WASp-family verprolin homologous protein.
been gained. The current knowledge of chemokine-mediated signalling is summarized in Figure 3 . Chemokine signalling has been studied most comprehensively with CCR2, CCR5, CXCR1 and CXCR4 and in neutrophils, macrophages, T-cells [30, 31] , and more recently also in dendritic cells [32] .
As chemokines control the complex process of cell migration, they must regulate multiple biochemical pathways acting in concert to facilitate the motility cycle. Chemokines activate 7TM (seven-transmembrane) receptors that are coupled to heterotrimeric G αβγ proteins. Upon chemokine binding, dissociation of G αβγ subunits is induced. Subsequently, the released G βγ subunits activate a wide variety of enzymes, including phospholipid kinases, lipases and GEFs (guanine nucleotide-exchange factors). These enzymes, in turn, regulate the phosphorylation of lipid second messengers and the production or release of second messengers, such as Ins(1,4,5)P 3 , Ca 2+ and DAG (diacylglycerol). GEFs catalyse the GTPase hydrolysis rate of small GTPases. On the other hand, released G α subunits can regulate the generation of cAMP via adenylate cyclases, or couple chemokine receptor activation to non-receptor protein-tyrosine-kinaseinitiated pathways. Subsequently, protein tyrosine kinases phosphorylate a variety of targets, including GEFs and adaptor proteins that are involved in the formation of multi-protein signalling complexes (signalosomes). There is also evidence that chemokines can induce tyrosine phosphorylation of their receptors independent of G αβγ , with subsequent receptor dimerization and recruitment of JAK ( Janus kinase) and STAT (signal transduction and activators of transcription) providing a short link to transcriptional regulation [33] [34] [35] .
Faced with the high complexity of signals downstream of GPCRs, it is a challenge to distinguish between 'housekeeping' vital cell-locomotion pathways and signals that specifically regulate cell migration in inflammatory processes. One of the key signalling targets downstream of a variety of chemokine receptors is PI3K (phosphoinositide 3-kinase) γ , a member of the class I PI3K family. G βγ subunits associate specifically with the p101 adaptor of PI3Kγ . A striking disparity was observed concerning the viability of mice possessing inactivated alleles of p110α or p110β in comparison with animals that were deficient in functionally active p110γ or p110δ. Mice deficient in class I A p110α or p110β show an early embryonic lethal phenotype, whereas mice lacking enzymically active p110γ or p110δ are viable, and exhibit a distinctive phenotype, which is restricted to the cells and organs expressing these distinct isoforms. Analysis of class IB PI3Kγ -deficient (PI3Kγ −/− ) mice [36] [37] [38] and studies using specific isoform non-selective class I PI3K small-molecule kinase inhibitors [39, 40] revealed a pivotal role for PI3Kγ in chemokine-regulated recruitment of leucocytes in vitro and in vivo. Furthermore, PI3Kγ
−/− neutrophils and macrophages are unable to produce PtdIns(3,4,5)P 3 when stimulated with GPCR agonists such as fMLP (N-formylmethionyl-leucylphenylalanine), C5a (complement component 5a) or IL-8. In parallel, PtdIns(3,4,5)P 3 -dependent activation of the serine/threonine PKB (protein kinase B; AKT), a major target of PI3K, was not observed. Recent work revealed that mast cells represent another cell type severely affected in PI3Kγ −/− mice [41, 42] . These cells are of special importance for the initiation of inflammatory and allergic immune reactions. Their ability to link the adaptive and the innate immune systems via the IgE receptor and GPCRs for adenosine, chemokines and complement factors, characterize mast cells as central mediators of the immune response. Lack of p110γ impairs adenosine-dependent degranulation of mast cells, revealing p110γ /PI3Kγ as the main regulatory signalling protein in these specialized immune cells. In addition to its dominant role in phagocytes and mast cells, PI3Kγ appears to be important for T-cell development and platelet aggregation [38, 43, 44] . Thus targeting PI3Kγ may indeed modulate several inflammatory conditions by a moderate, yet wide-ranging, impact on the immune system. Pharmacological targeting of class I PI3K is at present a major goal for several biotechnological and pharmaceutical companies. Ongoing efforts are focusing on the search for specific and selective inhibitors of individual class I PI3K isoforms [45, 46] . Figure 4 (A) illustrates some recent progress in the development of small-molecule PI3K inhibitors, which are currently under investigation as therapeutics.
PI3K-dependent generation of PtdIns(3,4,5)P 3 provides a mechanistic link between the activation of GEFs and Rho family GTPases and the machinery of cellular motility. A recently identified GEF named P-Rex1, which is synergistically activated by both Gβγ and PIP 3 [47] , regulates Rac, a member of the Rho-GTPase subfamily that is essential for the migration of all cells examined to date [48] . Many signalling targets of Rac proteins are involved in the dynamic reorganization of cellular cytoskeleton, such as IRS (insulin receptor substrate) p53 [49] , PI4P5K (phosphoinositide 4-phosphate 5-kinase) [50] , PAK (p21 activated kinase) [51] and LIMK (LIM-motif-containing kinase) [52] , as well as the Arp2/3 protein complex [53] . Mice that are deficient in individual Rac isoforms show interesting disease-relevant phenotypes. For example, Rac2-gene-deleted mice have defects in neutrophil chemotaxis and chemokine-induced ROS (reactive oxygen species) production [54, 55] . Many small GTPases undergo post-translational modification by FTs (farnesyltransferases). Consequently, small-molecule inhibitors that target these enzymes have entered clinical trials, mainly focusing on cancer by targeting Ras and Rho [56, 57] . Interestingly, analogous to the mode of action of FT inhibitors, statins [a class of HMG (3-hydroxy-3-methylglutaryl)-CoA reductase small-molecule inhibitors] have recently been shown to inhibit isoprenylation of Rac1 and to reduce NADPH-oxidase-generated ROS [58] . Inhibition of NADPH oxidase and thereby uncontrolled release of ROS is an emerging therapeutic strategy for several inflammatory conditions. Since comprehensive structural information for GEF and GAP (GTPase-activation protein), as well as Rho-GTPase protein complexes is available, rational structure-based design of small-molecule inhibitors that interfere with the conformational regulation of RhoGTPases has been proposed [59] .
Mining chemokine signalling pathways for validated, 'druggable' and biologically suitable targets has only just begun. It has proven to be difficult to link specific CCR or CXCR signalling pathways right through to a biological response such as chemotaxis. Instead of trying to identify every detailed component in each CCR pathway it seems more feasible to explore how pathways co-operate during cellular migration to identify disease-relevant targets with a central function in chemokine signalling -just like PI3Kγ .
With more than 40 ligands for less than 20 receptors, the problem of which ligand interacts with which target arises
One of the major challenges in chemokine research has been to validate rigorously which receptor-ligand pairs are important in specific pathophysiological conditions. Targeted deletion of chemokines and their receptors has proved to be a useful tool for discerning their role in vivo and may provide a basis for the development of future therapeutic agents that are aimed at interrupting leucocyte recruitment and activation. Of the 18 human chemokine receptors that have been identified to date, 14 knockouts have been generated. The reported phenotypes in mouse disease models are summarized in Table 1 . More comprehensive reviews can be found in recent publications [60, 61] .
Studies of knockout and transgenic mice in disease models have often been consolidated by results obtained using antichemokine or anti-(chemokine receptor) antibodies, or even modified chemokines, in the same models. In many cases, targeted gene deletion has revealed a novel or unexpected In most cases the generic structure is shown as described in the corresponding patents.
phenotype. In the present review, we highlight some of the key results obtained with respect to therapeutic implications for inflammatory and autoimmune diseases.
CCR2 and MCP-1/CCL2 have long been implicated in the pathogenesis of atherosclerosis due to their high expression in atherosclerotic plaques. The results from both knockouts confirmed their pivotal role in the development of this disease [11, 62] . Similarly, due to its expression on monocytes and microglia, CCR2 has been implicated in the pathogenesis of MS. However, there are conflicting data from CCR2 −/− mice. CCR2 −/− mice were initially shown to be resistant to EAE (experimental autoimmune encephalomyelitis) induced by the MOG (myelin oligodendrocyte glycoprotein) peptide [63, 64] , but in another more recent publication, susceptibility to EAE in CCR2 −/− mice on several different background strains of mice was observed [65] .
CCR1-deficient mice were originally reported by Gao et al. [66] . Results from several disease models imply a pivotal Increased susceptibility to Aspergillus fumigatus infection.
[67] Increased susceptibility to Toxoplasma gondii.
[68] Protection against lung injury in caerulin-induced acute pancreatitis.
[105]
Enhanced Th1 responses and glomerular injury in nephrotoxic nephritis model.
[106] Altered myeloid progenitor cell mobilization.
[107] Resistance to MOG-induced experimental autoimmune encephalitis.
[69]
CCR2
Defects in macrophage recruitment and in production of Th1 cytokines, such as interferon-γ .
[109] Unable to clear Listeria monocytogenes infection.
[110] Susceptible to the injurious effects of intrapulmonary challenge with Aspergillus fumigatus spores.
[111]
Decreased granulomatous inflammation in SEA (Th2) and mycobacterium (Th1).
[112] Increased susceptibility to Leishmania major infection.
[113] Severe glomerular injury after a transient ameliorative effect on proteinuria in a nephrotoxic nephritis model. [114] Impaired neuropathic pain responses.
[115] Decreased airway hyperreactivity in cockroach antigen mode.
[116] No effect on airways hyperreactiviity in OVA-induced asthma.
[117]
Decreased atherosclerotic lesion size.
[62] Resistant to experimental autoimmune encephalitis induced by the MOG peptide. [63, 64] Susceptibility to EAE in several different strains of mice.
[65] CCR3
Decreased basal trafficking of eosinophils to intestinal mucosa; decreased eosinophil recruitment to the lung in OVA-induced asthma model, but increase in airway hyperresponsiveness to methacholine.
[72]
CCR4
No effect on airways inflammation or hyperreactivity in OVA-induced asthma model; significantly decreased mortality in low-and high-dose LPS-induced endotoxic-shock models.
[73]
Protective effect in chronic fungal allergic disease model induced by Aspergillus fumigatus conidia. [75] CCR5 Impaired macrophage function and reduced efficiency in the clearance of Listeria infection as well as enhanced T-cell dependent immune response (DTH reaction) indicating a protective role.
[3]
Decreased macrophage infiltration and a concomitant reduction in demyelination in a model of intracranial infection induced by mouse hepatitis virus. [118] No protection against the development of EAE induced by immunization with the MOG peptide.
[70] Protection against dextran-sodium-sulphate-induced colitis.
[119]
Higher mortality following infection with the AIDS-associated pathogen, Cryptococcus neoformans, due to defective macrophage recruitment to the brain and inability to eliminate cryptococcal polysaccharide.
[120]
T-cell-mediated antiviral immunity not effected in lymphocytic choriomeningitis virus infection. [121] CCR6 Impaired humoral immune response to orally administered antigen and to an enteropathic rotavirus; systemic responses to subcutaneously administered antigens are normal.
[122]
Severe and persistent inflammation compared with wild-type mice in 2,4-dinitro-1-fluorobenzene-induced contact hypersensitivity; no inflammation in a DTH model; suggesting a defect in the activation or migration of CD4 + T-cells that down-regulate or elicit the inflammatory response.
[123]
Reduced airways resistance; fewer eosinophils around the airways; reduced IL-5 in the lung; reduced serum IgE compared with wild-type mice in cockroach antigen model of allergic pulmonary inflammation.
[79]
Less severe intestinal pathology in dextran sodium sulphate model of IBD compared with wild-type mice;
increased susceptibility in the trinitrobenzene sulphonic acid model of IBD compared with wild-type mice.
[124]
CCR7 Impaired migration of naïve B-, T-and antigen-bearing dendritic cells; severely delayed kinetics regarding antibody responses; lack of contact sensitivity and DTH reactions; profound morphological alterations in all secondary lymphoid organs.
[125]
CCR8
No effect in OVA-induced allergic airway disease model or ragweed-allergen-induced peritoneal eosininophilic inflammation. [78] No effect in mouse model of allergic airways disease.
[77] Defective Th2 response in SEA, OVA and cockroach antigen models of allergic airways disease.
[76] CCR9
Phenotypically normal, but decreased, pre-pro B-cells and decreased intraepithelial T-cell/epithelial cell ratio.
[126] 
CXCR2
Decreased neutrophil recruitment; increase in number of B-cells, lymphadenopathy and splenomegaly. [127] , but see [128] Protection against Toxoplasma gondii infection.
[129] Impaired neutrophil recruitment in endotoxin-induced uveitis and Onchocerca volvulus-induced keratitis models of ocular inflammation. [130, 131] Protection against urinary tract infection.
[132] Delayed wound-healing response in cutaneous wound-healing model. [133] Significantly reduced progression of atherosclerosis.
[134] CXCR3
Profound resistance to development of acute cardiac allograft rejection; permanent graft acceptance after treatment with a brief, subtherapeutic course of cyclosporin A.
[135]
Prolongation of graft survival in pancreatic islet allografts recipients.
[136] Substantially delayed onset type I diabetes induced with lymphocytic choriomeningitis virus.
[137] CXCR4
Mice die in utero; defective vascular development, haematopoiesis and cardiogenesis; defective foetal cerebellar development and hippocampal dentate gyrus morphogenesis. [2, 138] CXCR5 Altered B-cell migration; abnormal germinal centre formation in the spleen; lack of Peyer's patches.
[139] CX3CR1
Reduced macrophage recruitment to vessel wall; decreased atherosclerotic lesion formation in CX3CR1-deficient mice in ApoE −/− background fed on a high-fat diet.
[ 81, 82] role for this receptor in neutrophil-mediated inflammation [67, 68] . CCR1 −/− mice are also resistant to EAE development [69] , supporting its potential as a therapeutic target in MS.
CCR5 is probably the most studied chemokine receptor due to its role as the major co-receptor for macrophage tropic HIV infection. The results obtained with CCR5 −/− mice in different animal models consistently highlight a role for CCR5 in macrophage and T-cell recruitment, sometimes with protective effects and sometimes with exacerbating effects. Surprisingly, CCR5 deletion offered no protection against the development of EAE induced by immunization with the MOG peptide [70] in spite of the high levels of this receptor and its ligand MIP-1α, previously detected in immunohistochemical studies in brain. However, this result is consistent with the observation that humans carrying the 32 mutation in CCR5 (discussed below) are afforded no protection against the development of MS, although they do show delayed disease onset [71] .
The role of chemokine receptors in allergic disease, particularly asthma, has been more complicated to dissect than it was anticipated. CCR3 has been proposed to play a role in allergic airways disease based on its high-level expression on eosinophils and, to a lesser extent, on mast cells, basophils and Th2 T-cells, cell types associated with the pathogenesis of asthma. Although results from CCR3-deficient mice confirmed its role in the basal trafficking of eosinophils, its involvement in allergic asthma is still paradoxical [72] .
The validity of CCR4 as a target in human asthma is also questionable, again based on the results from knockout mice. Th2 T-cells express high levels of CCR4, implying an important role in the development of Th2 responses. However, deletion of CCR4 had no effect in a classical model of Th2-dependent airway inflammation [73] . The lack of effect was initially proposed to be due to compensation by other closely related receptors. However, these results were supported further by more recent studies using CCR4 blockade in a guinea-pig model of airway inflammation [74] . In contrast, in a chronic fungal allergic disease model, CCR4 deficiency had a marked protective effect, suggesting that CCR4 may not be necessary for initiation of the Th2 response, but is probably required for its maintenance [75] . CCR8, like CCR4, has also been shown to be selectively expressed on Th2 subsets. The first report of CCR8-deficient mice confirmed a role for this receptor in Th2 functional responses in vivo [76] , but subsequent publications by two independent groups suggested that CCR8 alone is not essential for the development of allergic airway disease [77, 78] . On the other hand, knockout studies indicate that CCR6 may now be a valid target in asthma. CCR6 is the receptor for HIP-3α/CCL20 and β-defensins. It shows relatively restricted expression on iDCs (immature dendritic cells) and some T-cell subsets. In a cockroach antigen model of allergic pulmonary inflammation, CCR6 −/− mice had reduced airway resistance, fewer eosinophils around the airways, decreased IL-5 levels in the lung and reduced serum IgE compared with wild-type mice [79] .
Studies on genetic polymorphisms in chemokine and chemokine receptor genes as risk factors for certain diseases may also provide us with valuable target information. The most well-known example is the 32-base deletion in the CCR5-gene-coding sequence ( 32) . This mutation renders resistance to HIV infection, as the resultant truncated CCR5 can no longer be expressed at the cell surface and thereby cannot function as a co-receptor for HIV. This mutation may also render the susceptibility or resistance to other diseases. More recently, a polymorphism has been identified in CX3CR1 (M280), which has reduced binding to fractalkine/CX3CL1, and correlates with protection from coronary artery disease in humans [80] . Studies on CX3CR1 −/− mice support further a role for this receptor in atherosclerosis [81, 82] .
Genetic targeting of chemokine receptors has therefore proved to be an excellent approach to study the function of specific chemokine ligand-receptor interactions in vivo, particularly in models of inflammatory and infectious disease. However, although a full extrapolation of experimental data from genetically modified mice to humans has to be made with caution, first due to the compensation that may occur for the loss of a receptor/ligand, and secondly due to the redundancy of the chemokine system, nevertheless it seems that specific roles are emerging for particular receptor-ligand pairs.
How can we target the chemokine system?
Traditionally, anti-inflammatory strategies have been broadly divided between the biotechnology companies and the pharmaceutical companies as acting outside the cell and inside the cell respectively, although, as with all rules, this is not categorical -signalling intervention is a common approach to modulate all mediators of the immune response. To be more precise, attempts to block the actions of cytokine, growth factor or IL function has focused on biotechnological approaches such as antibodies or cytokine traps for the simple reason that the interaction of these proteins with their cell-surface receptors involves large protein-protein interactions. These have proved particularly difficult to be blocked with small-molecule inhibitors. On the other hand, small-molecule inhibitors, such as cyclosporin, COX (cyclooxygenase) inhibitors and steroids, can get inside the cells and interfere with signalling pathways, and are effectively potent and wide-ranging anti-inflammatory therapeutics -with the caveat that they are also general immunosuppressants. However, the chemokine system, which can be considered to be 'somewhere in between' lends itself to intervention by both approaches.
In autoimmune disease, it is the inappropriate leucocyte recruitment accompanied with cellular activation that results in disease symptoms and progression. Therefore the suppression or abolition of such excessive and uncontrolled cellular invasion and activation offers an attractive antiinflammatory strategy. Although anti-cytokine strategies are certainly successful, they are limited by their dual role of good and bad -this is perhaps best exemplified by the unsuccessful trials of anti-TNF-α therapy in sepsis.
In addition to anti-inflammatory strategies based on targeting pro-inflammatory cytokines, many pharmaceutical companies have adopted approaches to inhibit adhesion molecules such as anti-VLA4 (very late antigen-4) (Antegren/Natalizumab), LFA (lymphocyte functionassociated antigen)-3/IgG1 fusion (Amevive/Alefacept), which blocks the LFA-3-CD2 interaction, or anti-LFA-1 (Efalizumab/Raptiva). The rationale behind blocking adhesion is certainly very strong, but as the family is limited in size and diversity, and the same family members are involved in both basal trafficking and inflammation, the side effects on routine immune function remain to be evaluated. In addition, even though they are biologically relevant and tractable, integrins, as well as other adhesion molecules, only turned out to be rather moderate to low-'druggable' targets.
It has recently become evident that the HMG-CoAreductase inhibitors, the statins, could also be powerful antiinflammatory therapeutics. Interestingly, members of the statin family have been shown to act as allosteric inhibitors of the adhesion molecule, LFA1 [83] [84] . Avostatin showed remarkable effects in a murine model of MS, EAE. However, the most effective treatment for MS is IFN-β, and, to date, its precise mechanism of action remains unelucidated.
Therapeutic interference of chemokine-mediated leucocyte recruitment can be accomplished in many different ways [31] . Anti-inflammatory strategies outside the cell require blocking of the ligand-receptor interaction and/or the ligand-GAG interaction, using small-molecule inhibitors, modified chemokines or neutralizing ligands and/or anti-receptor antibodies. In contrast, only small-molecule inhibitors will be useful inside the cell for blocking signalling, as discussed above. Surprisingly, proteins have not been widely developed as therapeutics, possibly since there was the worry that small molecules would rapidly supersede them. Protein biologicals that are currently in pre-clinical development include a truncated CCL2 antagonist, an anti-CCL2 antibody and a variant of RANTES/CCL5 that has abrogated GAG binding.
So far, the most successful approach, widely adopted by the pharmaceutical industry, consists of blocking the chemokinechemokine receptor interaction by means of specific receptor antagonists. Chemokine receptors, in contrast with traditional cytokine and interleukin receptors, belong to the highly 'druggable' superfamily of 7TM-GPCRs. Despite this, early attempts to find potent antagonists met with more difficulties than it was anticipated, based on the experience with GPCRs having small peptide or biogenic amine ligands. The first CXC chemokine receptors, CXCR1 and CXCR2, were identified in 1991 [90, 91] , followed by the first CC chemokine receptor, CCR1, in 1993 [92] . It was not until 1998 that the first potent small-molecule antagonists were reported, namely, a CXCR2-antagonist developed by SmithKline Beecham (now GlaxoSmithKline) [93] and a CCR1-antagonist from Berlex BioSciences [94] . The interest in antagonizing chemokine receptors was boosted in 1996, following the identification of CCR5 as an essential co-receptor for cell infection by HIV-1 viruses [95, 96] . In parallel, much progress was made with respect to the targeted deletion of chemokine receptors in mice, corroborating further their potential as promising targets for the treatment of inflammatory and autoimmune diseases, as described above [97] . Spurred on by these achievements in chemokine receptor biology, the efforts on small-molecule drug-discovery programmes were intensified further, and chemists involved in chemokinereceptor antagonist programmes began to progressively understand the idiosyncrasies of the chemokine receptors and the structural elements required for small molecules to act as antagonists [98] . As a result, today's patent and scientific literature abounds with reports on potent small-molecule antagonists belonging to numerous different chemical series, which act specifically at a wide variety of therapeutically relevant chemokine receptors (CCR1, 2, 3, 5 and 10, and CXCR2, 3, 4) [99] . Interestingly, the structural diversity of CC-chemokine-receptor antagonists, as represented by the number of fundamentally distinct chemical series identified, is considerably higher than for CXC-chemokine-receptor antagonists, which suggests that the relative difficulty of finding antagonists may be different between the two categories of receptors. This reflects further that the level of interest, which usually defines the number and breadth of screening campaigns run across the pharmaceutical industry and thus the probability of finding hits, is generally higher for CC than for CXC chemokine receptors.
As the identification of potent antagonists in vitro has become relatively straightforward, the field of chemokinereceptor antagonists is facing different challenges today. One important obstacle to expedient compound progression has been the pronounced species selectivity seen with some of the molecules. Thus one of the most prominent CCR1 antagonists reported to date, BX-471, is about two orders of magnitude less potent against the murine compared with the human receptor [100] , which is problematic given the increasing number of rodent pharmacological models. Notably, the degree of this species selectivity appears to be an intrinsic characteristic associated with a given chemical series, rather than with the target itself, as illustrated by the fact that some classes of CCR1 antagonists are essentially equipotent on the human and the murine receptors [101] , whereas other series are completely inactive on the murine receptor [102] . The second obstacle encountered along the way from potent compounds in vitro towards human clinical trials has been the suboptimal pharmacokinetic and toxicity profiles of some of the early chemokine receptor antagonists. From the (naturally) scarce information on the subject that has been disclosed publicly, it is not evident whether this problem is innately more pronounced for chemokinereceptor antagonists than for other small molecules in development. What is clear, however, is that the requirements in terms of safety margin, oral bioavailability, as well as frequency of administration, are particularly stringent for chemokine-receptor antagonists, given that the majority of potential therapeutic applications are situated in the area of chronic disease.
Today, 13 years after the identification of the first chemokine receptors, it is encouraging to see that, despite the difficulties encountered at various stages in the development of chemokine-receptor antagonists towards the clinic, several compounds are now being evaluated in human clinical trials (see Figure 4B) . A few compounds have successfully passed Phase I, and it will be more than exciting to witness how they fare in terms of clinical efficacy.
In the present review, we have discussed the rationale, the validation, and a few proof-of-concept cases of pharmacological interference with the chemokine system. Despite a number of encouraging results, some critical issues still need to be addressed: (i) which chemokine receptor and/or ligand needs to be targeted for which disease? (ii) is the high degree of complexity already sufficiently understood, i.e. did genetic validation address the issue of redundancy or will pharmacology have the final word? (iii) can we develop the right therapeutic agents (small molecules or biologicals) with the appropriate properties to be both efficacious and well-tolerated in a chosen disease? It is to be hoped that several on-going clinical studies will shed more light on these questions in the near future.
